Abstract: Colloidal manganese (Mn)-doped calcium hydroxyapatites (abbreviated as MnHap) were prepared by the coprecipitation method. The Mn/(Ca+Mn) atomic ratio in the solution (abbreviated as XMn) was varied from 0~0.30. The precipitated particles were characterized by various physicochemical analyses, i.e., TEM, XRD, N2 and H2O adsorptions, TG, FTIR, ICP-AES and XPS measurements. The MnHap particles were produced at 0.01≤XMn≤0.2. The calcium hydroxyapatite produced without Mn ions (XMn=0) was rod-like particles with 23 nm (width) x 55 nm (length). With increase in XMn up to 0.06, the particle width was decreased. The thickness of the rod-like particles produced at XMn≥0.08 was further decreased to ca. 3~5 nm. The spherical nano-particles with ca. 7 nm in diameter precipitated at XMn=0.3 were -TCP and amorphous particles of -MnOOH precursor. The particle color was varied from white to brown, dark-brown and pale-red. The ICP-AES measurement revealed that all the MnHap particles are cation-deficient with XMn values among 1.52~1.63. The lattice constants of c-axis was decreased with increase in XMn at XMn≥0.05 by incorporation of Mn(III) and Mn(IV) ions with smaller atomic radii, 0.072 and 0.053 nm, respectively, instead of Mn(II) ones (0.089 nm). The XPS measurement also revealed that there is no Mn(II) in the MnHap particles but they include both Mn(III) and Mn(IV) ions. The in vacuo IR measurements suggested that the incorporation of Mn ions increased the acidity of surface P-OH groups.
INTRODUCTION
It is well known that a synthetic calcium hydroxyapatite Ca10(PO4)6(OH)2, designated as CaHap, attracts attention as bioceramics, acid-base catalysis in various reactions and adsorbents for separation of biomaterials [1] [2] [3] [4] [5] [6] . Especially, CaHap bioceramics are one of basic materials used in bone implant surgery 7 . In addition, CaHap is the most stable calcium phosphate under physiological conditions. Hence, CaHap is widely applied for separating various proteins using as a column for a high-performance liquid chromatograph (HPLC) apparatus and many essential studies have been reported 2, 6, 8 . The CaHap structure is so tolerant to ionic substitutions, there are many reports of the occupying of Ca sites by various divalent (Ca(II), Mn(II), Mg(II), Sr(II), Cd(II), Pb(II) and Ba(II)) [9] [10] [11] [12] [13] [14] [15] [16] , trivalent (Al(III), Fe(III)) 17 and also tetravalent cations (Ti(IV)) 18 . It is also possible to exchange PO4
3-groups such as anionic ones as ; CO3 2-, SO3 2-, AsO4 3-, VO4 3-, as well as to substitute OH -groups for F -and Cl -anions. These modifications of CaHap structure are usually performed by incorporation of certain chemical dopants in the co-precipitation method 19 . Current studies are focused on searching for such dopants that would not cause disadvantageous effects of lowing CaHap's biocompatibility, but would improve their biological and chemical characteristics. Manganese (Mn) is one of the proposed additives. The presence of Mn ions in the CaHap structures leads to change in biological and chemical properties of the CaHap material 20, 21 . From biological point of view, Mn is an important component on the synthesis of mucopolysaccharides-compounds responsible for cartilage formation. Mn-deficiency may results in delay the osteogenesis process due to lower activity of osteoblasts. This may lead to bone deformation and growth inhibition 22 .
Single-crystal structure refinements of natural Mn-doped apatites have shown in the literature that Mn(II) ions occur in the Ca(I) sites 23 . Rietvelt refinement also indicated that incorporation of Mn(II) ions occupies the Ca(I) site 24 . To our best knowledge, however, only few studies were investigated on preparation and characterization of Mn-doped CaHap particles (abbreviated as MnHap) produced by precipitation method. Mayer et al. reported on the thermal properties and morphology of MnHap particles with fairly low amounts of Mn(II) ions (0.1~4.0%; corresponding to Mn/(Ca+Mn) atomic ratio of 0.002~0.06 in our present study as will be described later) [25] [26] [27] . They reported that Mn(II) ions are not oxidized to higher valence state and exhibit no effect of varying Mn contents on the lattice constants.
Recently, Zilm et al. reported on a magnetic properties of CaHap particles substituted by transition metal ions such as Mn(II), Fe(II) and Co(II) ions 28 . However, since they examined only 10 atomic percent substitution of transition metal ions, XMn=0.10 in our present study, it is not all clear the effects of concentration of Mn ions on the structural and chemical properties of MnHap particles. Hence this subject should be elucidated. The researches of MnHap particles, produced by a solid phase reaction at high temperature in soil mineralogical field, are also available in the literatures 29, 30 . The aim of the present study was to dope Mn ions into CaHap by coprecipitation method and characterize the MnHap particles produced by various physico-chemical methods. The variation of valence number of Mn ions in the MnHap particles was also discussed. Since Mn ions are transition metal element, the valence number of Mn ions will be changed during the coprecipitation reaction.
Experimental

Materials and Methods
Colloidal MnHap particles doped with various amounts of Mn ions were prepared by the coprecipitation method. 0.28~0.40 mol of Ca(OH)2 was dissolved in 20 dm 3 pure water free from CO2. 0.236 mol H3PO4 aqueous solution with various concentrations of Mn(NO3)2 (0~0.12 mol) was added to the Ca(OH)2 solution. The resulting suspension was aged in a capped Teflon vessel of 100 o C for 48 h. The particles generated were filtered off, thoroughly washed with 10 dm 3 pure water, and finally dried at 70 o C in an air oven for 24 h. The Mn/(Ca+Mn) atomic ratio in the solution (abbreviated as XMn) was varied from 0 ~ 0.30. All the chemicals were reagent grade, supplied by Wako Chemical Co., and were used without further purification. Pure water from Elix (Millipore) was used for the preparation of all solutions. Fresh purified water had conductivity around 0.06 S/cm.
Characterization
The shape, specific surface area and crystal phase were determined by a transmission electron microscope (TEM, JEOL JEM-2100), N2 and H2O adsorption and X-ray diffraction (XRD, Rigaku RAD-RC) measurements. The adsorption isotherm of N2 was measured at the boiling point of liquid nitrogen with the use of a computerized automatic volumetric apparatus built-in-house. Adsorption isotherms of H2O were also determined by a gravimetric apparatus builtin-house at 25 o C. Specific surface areas were obtained by fitting the BET equation to these N2 and H2O adsorption isotherms and were abbreviated as SN and SW, respectively. Prior to these gas adsorption measurements, the samples were evacuated at 100 o C for 2 h. The XRD patterns were taken with Ni-filtered CuK radiation (40 kV, 120 mA). Ca, Mn and P contents of CaHap and MnHap particles were assayed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Hitachi Hightech SPS3520UV-S) within a precision of 2% after the samples were dissolved in HCl solution. The IR spectra of the sample were measured by KBr method at room temperature (FTIR, Nicolet Protégé 460). Thermogravimetric analysis (TG, Hitachi Hightech 7200) was also carried out under air flow condition. The surface chemical composition and elemental binding energy of Mn ions were measured by using Xray photoelectron spectroscopy (XPS, ESCA 5500MT; Perkin Elmer Inc., U.S.A.) with an AlK X-ray line (1480.6 eV). Spectra from insulating samples have been charge corrected to obtain the adventitious C1s spectral component binding energy of 284.8 eV. This process has an associated error of at least ±0.1 to ±0.2 eV 31 . The XPS spectra lines were analyzed using a Shirley background subtraction and least-squares Gaussian-Lorentzian curve fitting algorithm. The transmission IR spectra of the self-supporting sample discs were also measured at room temperature in vacuo using an Fourier transformed infrared spectrometer (FTIR, Nicolet Protégé 460) in a vacuum cell. This vacuum cell was capable for evacuation the sample disc at 200 o C under 1.0x10 -3 Pa for 2 h.
RESULTS AND DISCUSSION
Properties of the particles
The TEM pictures of the particles produced in this study are shown in Fig. 1 . The color of the particles can be compared in photographs at the bottom of Fig.  1 . The CaHap (XMn=0) is rod-like particles with 23 nm (width) x 55 nm (length). With increase in XMn up to 0.06, the particle width is decreased. The thickness of rod-like particles produced at XMn≥0.08 are further decreased to ca. 5~6 nm. The thickness of the thin rodlike particles was estimated from the TEM pictures, where the particles are located perpendicular to the cupper mesh of the TEM measurement as depicted by arrows in the TEM pictures (XMn=0.08~0.20). Finally, very small spherical particles with ca. 7 nm in diameter are precipitated at XMn=0.30. The sizes of particles synthesized are summarized in Table 1 . The sizes of the particles were measured over 300 particles by using the Win-Roof software for each sample in ca. 20 different TEM pictures. The particle color is varied from white (XMn=0) to brown, dark-brown and palered as is seen in Fig. 1 This color change may indicates that the MnHap particles incorporated Mn(III) and (IV) ion but not Mn(II) ones. This fact will be discussed in later at the XPS section in Fig. 7 . However, the Sw/SN ratios, representing the surface hydrophilicity of the particles, are ranging 0.69~1.15, indicating that there is no large difference in the surface hydrophobicity of the particles.
The X-ray diffraction patterns of the particles are shown in Fig. 2 . All the particles produced at XMn≤0.2 shows characteristic peaks of CaHap (JCPDS 9-432), indicating that Mn ions did not inhibit the CaHap crystal structure with rod-like morphology but decreased in their crystallinity degree. On the other hand, these particles produced at XMn=0.30 exhibit broad three peaks of -TCP (JCPDS 9-169). The broad XRD pattern is due to their small size (ca. 7 nm).
FIGURE 2 XRD patterns of the particles produced at various XMn values.
Since the XRD peaks of -Mn2O3 (JCPDS 33-0900) appeared after heat treated these particles at 800 o C for 2 h (data not shown), these particles may also include amorphous particles of -MnOOH precursors. The existence of precursors of -MnOOH in the particles was also confirmed by TG measurement in Fig. 3 Figure 3 illustrates TG curves of the particles as shown in Fig. 1 . The TG curves exhibit a monotonous weight loss from room temperature to 1000ºC and a clear weight loss at 700-800ºC except for the sample prepared at XMn=0.3. The former weight loss is due to release of adsorbed and/or bound water. Indeed, the former weight loss is increased with increase in XMn because the SN values are raised by depression of their size. The latter one is due to dehydration observed for cation-deficient CaHap described in a formula Ca10-X(HPO4)X(PO4)6-X(OH)2-X 10 . Indeed the Ca/P value of CaHap is 1.61 (Table 1) , less than the stoichiometric one of 1.67. The weight loss of these samples is explained by the dehydration reaction expressed as following reactions 33 .
2HPO4
2-→ P2O7 4-+ H2O P2O7
4-+ 2OH -→2PO4 3-+ H2O Similar dehydration mechanism, i.e, the existence of HPO4 2-ions in the particle crystals, can be regarded for MnHap particles because the (Ca+Mn)/P values (1.52~1.58) are much less than the CaHap one except for the sample prepared at XMn=0.04 (1.63). The assayed (Ca+Mn)/P values are listed in Table 1 29 . This difference in ionic radius is the reason for the reduction of thermostability of MnHap. Similar TG curve but large weight loss can be seen at 450~500 o C on the sample prepared at XMn=0.3 in Fig. 3 . This weight loss may be derived by elimination of H2O on a phase transformation from amorphous -MnOOH precursors to -Mn2O3 as follows; 2-MnOOH → -Mn2O3 + H2O. 34 . However, it still remains a question why a-axis length exhibited constant. Here, the possibility of incorporation of Mn(VI) and Mn(VII) ions into MnHap particles was excluded because of their high valence numbers and small atomic radii, 0.040 and 0.039 nm, respectively. In fact, the incorporation of di-and tri-valent ions into CaHap particles are available in many literatures [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . This oxidation states of Mn ions will be discussed later by using XPS measurements in Fig. 7 . Figure 5 represents the FTIR spectra of the particles shown in Fig. 1 measured by The XMn and (Ca+Mn)/P values in particles assayed by the ICP-AES method are listed in Table 1 . The XMn values assayed for the particles produced at XMn≤0.20 are in fair agreement with those in the solution, indicating that the Mn ions added were incorporated into the MnHap crystals. This fact corresponds to the results of XRD in Fig. 2 . On the other hand, XMn value assayed for the particles at XMn=0.3 (0.23) is lower than XMn values in solution. This would be due to the poor precipitation efficiency of Mn ions under this condition. Indeed these particles include fine amorphous particles of -MnOOH precursors together with MnHap or -TCP ones though these particles cannot be identified individually by the TEM picture in Fig. 1 . The existence of -MnOOH precursors in this sample was already identified by TG curve in Fig.  3 . Figure 6 shows the calcium, manganese and phosphorus concentrations (abbreviated as [Ca] 
XPS measurements
To clarify the valence number of Mn ions and the XMn atomic ratio at the particle surface, the XPS measurements were carried out for the MnHap particles. The XMn values in the particle surface estimated for P2p, Ca2p and Mn2p peaks in the XPS spectra obtained are summarized in Table 1 . Both the assayed XMn (in particle) and XMn (in surface) for the MnHap particles produced at 0.01≤XMn≤0.2 are agreed well, indicating that there is no difference between whole particles and their surfaces. The XPS spectrum of 2p3/2 peaks of Mn atoms are shown in Fig.   7 . The solid lines are raw data and deconvoluted curves of Mn(III) and Mn(IV) ions, while fitting curves established by those deconvoluted curves were shown by dotted lines. Since there is no significant peak of Mn(II) ions at 640 eV, we excluded this ion from the curve deconvolution analysis. This result strongly supports the result that Mn(II) ions are oxidized to Mn(III) and Mn(IV) ions as discussed in Fig. 6 .
Since the fitting curves are agreed well to the raw data, suggesting that the successful resolution of deconvoluted curves of the Mn(III) and Mn(IV) ions was carried out. Here the Mn(III) and Mn(IV) peaks were referred to the literature values [36] [37] [38] . The values of oxidation state of Mn ions (%) estimated from XPS spectra in Fig. 7 are summarized in Table 2 . Since the peaks for the sample of XMn=0.01 are very small, the degree of confidence of these values in Table 2 is low (listed in brackets).
It should be noted again that there is no Mn(II) atoms in the MnHap particles and all the MnHap particles include Mn(III) together with Mn(IV). Junta and Hochella demonstrated that oxidation of Mn(II) to Mn(III) is accelerated on goethite, hematite and albite particle surfaces; i.e., the adsorption-oxidation reaction mechanism 39 . They also described that the rate of Mn(II) oxidation is increased by replacing one or more of H2O ligands on Mn(H2O)6 + species on the CaHap clusters also gave thin rod-like particles; i.e., the growth along with a-and/or b-axes are interfere with these adsorbed anions. At the same time, Mn(III) ions may further oxidized to Mn(IV) ones by dissolved O2 in Ca(OH)2 aqueous solution and were also incorporated into CaHap crystals. Finally, Mn(III) and Mn(IV) ions were incorporated into the CaHap crystals resulted in MnHap particles. Hence the colored Mn ions gave pale-red to dark-brown MnHap particles. Mayer et al. reported that Mn ions were incorportated into MnHap particles as Mn(II) ions, because they produced the particles at pH5.8~6.0. At this pH, Mn(II) is not oxidized to a higher valence state 25 . It is well-known that the oxidation-reduction potential; i.e., concentration of oxygen in the reacting solution and their pH, is an important factor for the control of valence of Mn ions. However, no exact control of these factors was taken place in the present work, further precise XPS experiments are desired in future. It is seen in Fig. 6 FIGURE 7 X-ray photoelectron spectra of the binding energy of Mn2p 3/2 of the particles produced at XMn=0.06, 0.10, 0.20 and 0.30.
In vacuo IR measurements
The incorporation of Mn ions in MnHap particles may induce the variation of the surface and inner structures, particularly for the former, of the particles. To make clear this point, we measured the in vacuo IR spectra of the particles by the selfsupporting method. This measurement attains the information of surface OH groups of metal oxide and metal phosphate particles, which are not able to measure by the conventional IR technique. Because the surface OH groups are only observed after eliminating the adsorbed H2O molecules in vacuo. Fig. 8 shows in vacuo IR spectra of the particles. The spectrum of CaHap possesses a sharp and strong band at 3572 cm -1 assigned to the stretching vibrations of the bulk OH -ions 40, 41 . Small but sharp bands appear at 3681, 3655 and 3628 cm -1 on CaHap and are assigned to the O-H stretching mode of surface P-OH groups, which are thought to be formed by protonation of the surface PO4
3-ions to compensate the cation deficiency of CaHap 40, 42 . By replacement of Ca 2+ ions by Mn ones, the sharpness of 3572 cm -1 band is steeply weakened at XMn≤0.04. This depression may support the formation of thin rod-like particles. At the same time, 3628 and 3655 cm -1 bands are weakened at XMn≥0.08 but 3681 cm -1 band remains. It was reported that the acidic surface P-OH groups exhibit blue shift and appears at higher wavenumber such as 3681 cm -1 42 . Therefore, the blue shift observed for surface P-OH bands in Fig. 8 suggests that the incorporation of Mn ions may increase the acidity of surface P-OH groups.
CONCLUSIONS
The pure calcium hydroxyapatite prepared at XMn=0 was rod-like particles with 23 nm (width) x 55 nm (length). With increase in XMn up to 0.06, the particle width was decreased. The thickness of rod-like particles produced at XMn≥0.08 was further decreased to ca. 3~5 nm. All the MnHap particles produced at 0.01≤XMn≤0.2 were cation-deficient with XMn values among 1.52~1.61 and the lattice constants of c-axis was decreased with increase in XMn at XMn≥0.05. This depression of lattice constants was explained by incorporation of Mn(III) and Mn(IV) ions, instead of Mn(II). The incorporation of Mn(III) and Mn(IV) ions in the MnHap particles was also revealed by the XPS measurement. This oxidation of Mn(II) to Mn(III) and Mn(IV) was explained by the adsorption-oxidation reaction mechanism by considering Mn(H2O)5 (H2PO4) + species. The adsorbed Mn(H2O)5(H2PO4) + species on the CaHap clusters also interfered with the growth along with a-and/or b-axes to form thin plate particles. The incorporation of Mn ions into the FIGURE 8 In vacuo IR spectra of the particles measured by a self-supporting method.
MnHap particles increased the acidity of surface P-OH groups.
